Purpose: Previous investigations suggest that inhaled anesthetics may produce cutaneous analgesia. The objective of this study was to evaluate whether inhaled anesthetics have a direct analgesic effect on skin. Methods: We conducted subcutaneous injections of one of three inhaled anesthetics (halothane, isoflurane, and enflurane) or one of two local anesthetics (lidocaine and procaine) at various dosages in rats (n = 6 rats, for each dose of each drug). Subcutaneous injections of vehicles (saline or olive oil) were used as controls (n = 6 rats for each vehicle). We constructed concentration-response curves, wherein the concentrations of drugs tested in subcutaneous tissue fluid were estimated by calculation, and the cutaneous analgesic effects of drugs were evaluated by pinprick tests on skin.
Purpose: Previous investigations suggest that inhaled anesthetics may produce cutaneous analgesia. The objective of this study was to evaluate whether inhaled anesthetics have a direct analgesic effect on skin. Methods: We conducted subcutaneous injections of one of three inhaled anesthetics (halothane, isoflurane, and enflurane) or one of two local anesthetics (lidocaine and procaine) at various dosages in rats (n = 6 rats, for each dose of each drug). Subcutaneous injections of vehicles (saline or olive oil) were used as controls (n = 6 rats for each vehicle). We constructed concentration-response curves, wherein the concentrations of drugs tested in subcutaneous tissue fluid were estimated by calculation, and the cutaneous analgesic effects of drugs were evaluated by pinprick tests on skin.
Results: Like local anesthetics, subcutaneous injection of inhaled anesthetics produced concentration-dependent, cutaneous analgesia which attained maximum (complete cutaneous analgesia) at high concentration. This effect was reversible and localized in the area of injection. On the basis of 50% effective concentration, the ranking of potencies was lidocaine > halothane > isoflurane > enflurane > procaine (P < 0.05 for all differences). Subcutaneous injections of vehicles did not produce cutaneous analgesia. Conclusions: Like local anesthetics (lidocaine and procaine), subcutaneous injections of inhaled anesthetics (halothane, isoflurane, and enflurane) produced a concentration-dependent, cutaneous, analgesic effect at the site of injection. Inhaled anesthetics have a direct analgesic effect on skin. I NHALED anesthetics produce unconsciousness, amnesia, immobilization, analgesia, and suppression of the autonomic nervous system. [1] [2] [3] Despite their ubiquitous use in clinical anesthesia, some of the mechanisms by which inhaled anesthetics produce clinical anesthesia remain unclear, e.g., analgesia. [1] [2] [3] Most previous studies evaluating the mechanisms of inhaled anesthetics have focused on the central nervous system effects, whereas relatively little work has been done on peripheral nervous system responses. [1] [2] [3] [4] Interestingly, several inhaled anesthetics affect not only the central nervous system, but also the peripheral nervous system. 4 More studies are needed to evaluate the possible mechanisms of these drugs on the peripheral nervous system.
In 1998, Fassoulaki et al. 5 evaluated whether isoflurane had a direct analgesic effect on the skin. Using a method of topical application, they observed that isoflurane, when applied to the forearm of healthy volunteers for 30 min, decreased pain scores in response to local mechanical and electrical stimulation. 5 They suggested that isoflurane might have a direct analgesic effect on skin. While this was a fascinating observation, in this study, topical application of isoflurane did not produce complete cutaneous analgesia. Furthermore, no other inhaled anesthetics were tested. Since the keratin layers of skin could retard drug transfer, topical application of a drug for only 30 min might be too short a time span for drug transfer. 6 Consequently, a longer period of time for topical application, or a procedure to circumvent this obstacle, should be considered. We therefore undertook a laboratory investigation using subcutaneous injection of drugs in rats. The aim of the study was to evaluate whether inhaled anesthetics have a direct analgesic effect on skin. The cutaneous analgesic effects of three inhaled anesthetics (halothane, isoflurane, and enflurane) and two, local anesthetics (lidocaine and procaine) were tested. Two vehicles (saline and olive oil) were used as controls.
Methods
We purchased male, Sprague-Dawley rats from the National Yang-Ming Medical College, Taipei, Taiwan. The rats were housed in groups of three for at least one week, in a climate controlled room that was maintained at 21°C with a relative humidity of approximately 50%. Lighting was on a 12-hr light/dark cycle (light on at 6:00 AM) with food and water available, ad libitum, up to the time of testing. On the day of testing, the weights of all of the rats were in the range of 200 to 250 g. All tests were performed in accordance with the recommendations and policies of the International Association for the Study of Pain. The protocol was approved by the animal investigation committee of the Chi-Mei Medical Center.
The rats were handled daily, for up to seven days before the experiments, to familiarize them with the behavioural investigator, the experimental environment, and the specific experimental procedures. This familiarization minimized contamination of the rats, due to stress during the experiments, and generally improved the experimental performance. 7 The dorsal hair of the thoracolumbar region (10 × 10 cm 2 ) of each rat was shaved the day prior to the experiment. Since we intended to construct a concentration-response curve for each drug tested, we used a total of 252 rats (n = 6 rats for each dose of each drug and for each vehicle).
Six to eight doses were tested for each drug. Each rat received only one injection of one of the medications.
Halothane, isoflurane, and enflurane were purchased from the Halocarbon Laboratories (River Edge, NJ, USA), Ohmeda Caribe Inc. (Guayama, Puerto Rico) and Baxter Caribe Inc. (Guayama, Puerto Rico), respectively. Injectable olive oil, lidocaine hydrochloride, and procaine hydrochloride were purchased from the Sigma Chemical Co. (St Louis, MO, USA). All medications were freshly prepared for subcutaneous injections. Since halothane, isoflurane, and enflurane are lipophilic drugs and cannot dissolve in 0.9% saline, they were prepared in olive oil, as oil solutions. 8 Lidocaine hydrochloride and procaine hydrochloride were prepared in 0.9% saline, as solutions. The concentrations of drugs (either inhaled anesthetics or local anesthetics) in vehicles (either olive oil or saline) were presented as a percent of the drug in the vehicle (volume/volume).
For the preparation of local anesthetic solutions, lidocaine hydrochloride and procaine hydrochloride were initially prepared in saline as 2% solutions (weight/weight), respectively, and then further diluted with saline (volume/volume) to the required concentrations. For the preparation of inhaled anesthetics (in olive oil), the following steps were conducted. At room temperature of 21 ± 2°C and one atmospheric pressure, a calculated volume of olive oil was initially injected into a glass vial (2.0 mL in volume). This vial was then sealed by a Teflon-lined plug to make it gastight. A calculated volume of inhaled anesthetic was then injected into the vial to make a final volume of 1 mL. After shaking the vial by hand for ten seconds, the inhaled anesthetics were completely dissolved into the olive oil. A 0.6 mL of oil solution was then aspirated for subcutaneous injection. During this preparation, Hamilton syringes (1 mL in volume, Hamilton Co., Reno, NV, USA) were used for the aspiration of the drug and/or the vehicle.
CAN J ANESTH 55: 5 www.cja-jca.org May, 2008 Subcutaneous injection of drugs was performed according to a previously reported method. 7 In brief, these procedures were performed in conscious and unanesthetized rats, using a 27-G needle to inject subcutaneously into the dorsal surface of the thoracolumbar region. For consistency, all drugs were prepared and injected by one experienced investigator (Dr. Chu). Another experienced investigator (Ms. Su), who was blinded to the injected drugs, performed behavioural evaluation of the cutaneous analgesia.
In order to construct the concentration-response curves, the concentrations of drugs in tissue fluid at the injection sites were evaluated. Since lidocaine and bupivacaine were prepared in saline, the concentrations of these drugs in tissue fluid at the injection sites were considered as the same as those injected. While halothane, isoflurane, and enflurane were prepared in oil, their concentrations in tissue fluid at the injection sites were estimated by calculation, i.e., dividing the concentration of inhaled anesthetics in vehicle (olive oil) by their partition coefficients (PCs) between olive oil and physiological fluid. [8] [9] [10] The PCs of inhaled anesthetics between olive oil and physiological fluid were also obtained by calculation using previously reported data. [8] [9] [10] For example, the PC of halothane, between olive oil and gas, was 197, and the PC of isoflurane, between physiological fluid and gas, was 0.75; therefore, the PC of isoflurane, between olive oil and physiological fluid, is 197/0.75 = 263. [8] [9] [10] Using this method, the PCs of isoflurane and enflurane, between olive oil and physiological fluid, were found to be 90.8/0.75 = 165 and 96.5/0.74 = 130, respectively. [8] [9] [10] A wheal, or circular elevation of the skin, with an approximate diameter of 2 cm, occurred after subcutaneous injection and was immediately marked with ink. The effect of cutaneous analgesia was evaluated using a previously reported method which tested the cutaneous, trunci, muscle reflex. 7 In brief, this reflex was characterized by a reflex movement of the skin over the back, in response to local, dorsal, cutaneous stimulation. 7 A Von Frey filament (no. 14), to which the cut end of an 18-G needle was affixed, was used to produce a standardized nociceptive stimulus (10 g). Six pin-pricks (at six different points within each wheal) with a frequency of 0.5-1 Hz were used at each testing. 7 Response to pin-prick test was defined in terms of percentage of possible effect (% PE), so that 100% PE (i.e., a complete absence of all six responses) was defined as the complete nociceptive block. The test was applied every five minutes for the first 30 min and then every ten to 15 min for an additional two to three hours or longer, until the cutaneous reflex completely recovered from the block. The maximal response of each dose of each drug (% maximal possible effect) was chosen as the representative of each dose of each drug. In order to rule out the possibility that the systemic effects of injected drugs, after absorption, caused cutaneous analgesia, a pinprick test was performed on each rat at the contralateral, counterpart skin of the injected site. In order to rule out the possibility of cutaneous analgesia resulting from vehicle, two control groups (n = 6 rats each) were used: one group received subcutaneous saline and the other group received subcutaneous olive oil.
In the concentration-response curves, the values were presented as mean ± SEM. The concentrationresponse curves were fitted individually for each drug with the Hill equation, and 50% effective concentrations (EC 50 s), with 95% confidence intervals (95% CIs), were obtained after fitting. The EC 50 was defined as the concentration of drug that caused a 50% block of the cutaneous, trunci, muscle reflex. 11 The differences in potencies (EC 50 s with their 95% CIs) between drugs were evaluated by the F test, followed by the Student' s t test with Bonferroni correction. A P value < 0.05 was considered significant.
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CANADIAN JOURNAL OF ANESTHESIA FIGURE The concentration-response cur ves of three inhaled anesthetics (halothane, isoflurane, and enflurane) and two local anesthetics (lidocaine and procaine) on cutaneous analgesia in rats (n = 6 rats at each testing point) after subcutaneous injection. Halothane, isoflurane, and enflurane were dissolved in olive oil, whereas lidocaine and procaine were dissolved in 0.9% saline. Values are mean ± SEM.
Results
Similar to the local anesthetics (lidocaine and procaine), the three inhaled anesthetics (halothane, isoflurane, and enflurane) produced concentrationdependent, cutaneous analgesia which attained maximum effect (100% PE, complete nociceptive block) at high concentrations (Figure) . Both the local anesthetics and the inhaled anesthetics produced reversible, cutaneous analgesia. All of the rats recovered completely within six hours after subcutaneous injection of the tested anesthetics. On the basis of EC 50 , the ranking of potencies was lidocaine > halothane > isoflurane > enflurane > procaine (Table) . In the rats that were injected with either one of the local anesthetics or with one of the inhaled anesthetics, no cutaneous analgesia were found at the contralateral, counterpart skins of the injected sites. Also, no cutaneous analgesia was observed at the injected sites of the rats that were injected with saline or olive oil.
Discussion
Our results indicate that the inhaled anesthetics halothane, isoflurane and enflurane, have an analgesic effect on skin. On the basis of an EC 50 ranking, the potencies of these inhaled anesthetics were between those of lidocaine and procaine.
Because these three inhaled anesthetics produced cutaneous analgesia through a local mechanism after subcutaneous injection, this mechanism might also play a role on the analgesic effect of inhaled anesthetics during general anesthesia. Further pharmacokinetic studies are warranted to evaluate the tissue concentrations of inhaled anesthetic during inhaled general anesthesia. Such studies would, however, be challenging due to technical difficulties.
We found that the three inhaled anesthetics produced concentration-dependent, cutaneous analgesia, similar to that of the local anesthetics. Local anesthetics are well-known to produce cutaneous analgesia through their Na + channel blocking activities on the peripheral nervous system. 12, 13 Inhaled anesthetics are also known to have Na + channel blocking activities, not only on the central nervous system, but also on the peripheral nervous system. [14] [15] [16] Accordingly, it is possible that inhaled anesthetics may exert their cutaneous analgesic effect through similar Na + channel blocking activities on the cutaneous nervous system, although more studies are needed to confirm this speculation.
In this study, we did not attempt to detect the local tissue concentrations of inhaled anesthetics, because of the technical difficulties of such focused tissue sampling. Instead, we estimated the concentrations of inhaled anesthetics by calculation using the known PC values of these anesthetics between vehicle and tissue fluid. [8] [9] [10] Our results indicate that the three inhaled anesthetics produced cutaneous analgesia under local tissue concentrations of 0.18-0.44% (EC 50 s). Actually, in in vivo conditions, the true, local tissue concentrations of inhaled anesthetics may be lower than the above calculated values, and the concentrations required to produce cutaneous analgesia may be lower. This could be so, since our values were obtained by calculation using in vitro PCs values. [8] [9] [10] Under in vitro conditions, the inhaled anesthetics were delivered from the donor site to the receiver site (tissue fluid) without subsequent dilution at the receiver site. [8] [9] [10] However, under in vivo conditions, the inhaled anesthetics at the receiver site (tissue fluid) were subsequently absorbed into systemic circulation due to concentration gradients.
In this study, olive oil was used as a vehicle for inhaled anesthetics. Before this study, several solvents (e.g., intralipid, lecithin, sesame oil, peanut oil, cotton seed oil, olive oil, etc.) had been evaluated for their potential suitability as vehicles for inhaled anesthetics. Amongst these solvents, olive oil demonstrated the best solubility for inhaled anesthetics.
We conclude that, like local anesthetics (lidocaine and procaine), subcutaneous injection of the three inhaled anesthetics (halothane, isoflurane, and enflurane) produces a concentration-dependent, cutaneous analgesic effect at the sites of injection. Inhaled anesthetics have a direct, analgesic effect on skin. 50 (95% CI) of each drug (%) was obtained from computer-derived curve fitting by SAS NLIN analysis of the concentration-response curve of each drug shown in the Figure. The ranking of potencies of drugs was lidocaine > halothane > isoflurane > enflurane > procaine, which was evaluated by the F test, followed by the Student' s t test with Bonferroni correction.
